Introduction
The endoplasmic reticulum (ER) has several vital functions including biosynthesis of organelles, lipid donation to other organelles, Ca 2+ homeostasis, as well as folding and quality control of membrane-bound and secreted proteins (Kleizen and Braakman, 2004) . The ER lumen is a highly crowded environment with a concentration of resident and nascent proteins of about 100 mg/ml (Kleizen and Braakman, 2004) . Despite the elevated levels of unstructured polypeptides within the ER lumen, most of the proteins attain their native conformation and continue on the secretory pathway. The prevention of aggregation and the correct folding of nascent proteins in the ER lumen are mediated by the concerted action of foldases and molecular chaperones (reviewed by Ellgaard and Helenius, 2003; Fewell et al., 2001; Hebert and Molinari, 2007; Kleizen and Braakman, 2004) .
Calnexin is a molecular chaperone in the ER that plays key roles in protein folding and quality control (Caramelo and Parodi, 2008; Hebert and Molinari, 2007; Williams, 2006) . Calnexin has been implicated in several genetic diseases caused by inherited protein folding defects (Amaral, 2004; Chevet et al., 1999; Kuznetsov and Nigam, 1998; Ni and Lee, 2007) . Mechanistically, calnexin interacts with nascent polypeptides as a lectin that binds N-linked glycan, and/or via protein-protein contacts (Bedard et al., 2005; Caramelo and Parodi, 2008; Helenius and Aebi, 2004; Marechal et al., 2004; Moremen and Molinari, 2006; Thammavongsa et al., 2005; Williams, 2006) .
Structurally, calnexin is a type-I transmembrane protein. X-ray crystallography studies revealed that the lumenal portion of calnexin consists of a globular domain and an extended hairpin-like arm (Schrag et al., 2001 ). The globular domain contains a Ca 2+ -binding site and is responsible for the lectin activity (Schrag et al., 2001; Leach et al., 2002) . The hairpin protrusion, also called the P-domain, contains a highly conserved central domain, hcd (Elagoz et al., 1999; Jannatipour and Rokeach, 1995) . The hairpin structure is involved in protein-protein interactions with unfolded proteins and with other ER chaperones (Leach et al., 2002; Marechal et al., 2004; Pollock et al., 2004; Williams, 2006) .
Although calnexin was first identified as a molecular chaperone, mounting evidence indicates the involvement of calnexin in other cellular process. For instance, it was shown that one of the main roles of calnexin is the retention of irremediably misfolded protein in the ER and their targeting for degradation (Bedard et al., 2005) . Most recently, several reports demonstrated that calnexin is involved in apoptosis induced by ER stress (Delom et al., 2006; Delom et al., 2007; Guerin et al., 2008; Takizawa et al., 2004; Tomassini et al., 2004; Torgler et al., 1997; Zuppini et al., 2002) . Intriguingly, the knockout of the gene encoding calnexin in different organisms results in diverse phenotypes (Denzel et al., 2002; Lee et al., 2005; Muller-Taubenberger et al., 2001 ). These phenotypes, however, have not unveiled comprehensive aspects of the novel cellular roles of calnexin because the organisms studied also encode calreticulin, a paralog that is a luminal ER protein and whose functions overlap with calnexin (Anelli and Sitia, 2008) .
To address the cellular roles of calnexin, we have investigated the consequence of its deletion in the genetically tractable Schizosaccharomyces pombe (Elagoz et al., 1999; Jannatipour and In fission yeast, the ER-residing molecular chaperone calnexin is normally essential for viability. However, a specific mutant of calnexin that is devoid of chaperone function (Δhcd_Cnx1p) induces an epigenetic state that allows growth of Schizosaccharomyces pombe without calnexin. This calnexinindependent (Cin) state was previously shown to be mediated via a non-chromosomal element exhibiting some prion-like features. Here, we report the identification of a gene whose overexpression induces the appearance of (Jannatipour and Rokeach, 1995; Parlati et al., 1995) . Interestingly, certain calnexin mutants devoid of chaperone function, such as mini_Cnx1p (with only 52 amino acids in the lumen), do complement the calnexin knockout (Elagoz et al., 1999; Marechal et al., 2004 ). These observations demonstrate that the essential function of calnexin in S. pombe is not its chaperone activity but another undefined cellular role. Previous structure-function studies of S. pombe calnexin led us to an unexpected observation. A particular mutant of calnexin that lacks its highly conserved central domain (Δhcd_cnx1) induces a state in which cnx1 + is no longer required for viability (Collin et al., 2004) . The sole expression of this mutant at an endogenous level, in presence or not of a wild-type (WT) copy of calnexin, is sufficient to induce the stable state of viability without calnexin in the vast majority of cells. We named this epigenetic state of viability without calnexin Cin (for calnexinindependent). Accordingly, calnexin-less cells were named Cin. By contrast, the state of naïve cells requiring cnx1 + for viability was renamed Cdn (for calnexin-dependent). Extensive characterization of these calnexin-less cells revealed that the Cin state is mediated by a non-chromosomal element that exhibits prion-like features (Collin et al., 2004) . Namely, we showed that the Cin state is stable, is dominant in diploids and in merodiploids harboring a cnx1 + plasmid, and is transmitted in a non-Mendelian fashion. Surprisingly, Cin cells are not sensitive to folding stresses, but have cell-wall defects that are corrected by reintroduction of calnexin (Turcotte et al., 2007 
Results

Identification of cif1 +
To identify genes involved in the mechanisms underlying the Cin state, we carried out two unbiased genetic screens scoring for the appearance of Cin cells (see the Materials and Methods). One screen consisted in the overexpression of a S. pombe cDNA library. As According to the Sanger center database (http://www. genedb.org), this ORF is an uncharacterized gene (for sequence, see Fig. 1A ). The predicted protein is rich in basic residues and has an isoelectric point (pI) of 9.6 (http://ca.expasy.org/). Similarity searches revealed a sequence homolog in the closely related fungus Schizosaccharomyces japonicus. No significant sequence alignments with proteins in other organisms were detected. As it induces the Cin state, SPCC364.01 was renamed cif1 + .
Overexpression of cif1
+ induces a Cin state with distinct propagation properties
To confirm its involvement in the induction of the calnexinindependent state, cif1 + was cloned under the control of the strong nmt1 promoter in the pREP3X overexpressing vector. This construction was transformed into a ⌬cnx1 + pcnx1 + strain. A plasmid segregation assay was performed to assess whether overexpression of Cif1p induces the appearance of Cin cells. Briefly, cells were cultured in non-selective media for 6 days. Without selective pressure, the cells adopting the Cin epigenetic state lose the calnexin-encoding plasmid because calnexin is not essential for their viability. To discriminate between Cin and Cdn cells, the cultures were plated on non-selective media and the colonies scored on selective plates for the presence or absence of the calnexinencoding plasmid (for more details, see the Materials and Methods and supplementary material Fig. S1 ). As shown in Table 2 , line 4, overexpression of cif1 + consistently induced the state of viability without calnexin, demonstrated by the presence of calnexin-free cells. Otherwise, an empty plasmid or the overexpression of a nonspecific protein like EGFP had no effect on the requirement of calnexin for cell survival, because all cells still contained the calnexin-encoding plasmid (Table 2 , lines 2 and 3). The absence or presence of calnexin in these Cin cells was verified by northern and western blotting. The frequency of appearance of calnexin-free cells was about 50%, indicating that the Cin state does not arise from spontaneous mutations or as a result of clonal selection. Interestingly, expression of cif1 + under the control of the more moderate nmt41 promoter did not induce the Cin state (Table 2 , lane 5). Thus, these Cin cells most probably arise from the elevated Journal of Cell Science 122 (9) levels of Cif1p, which probably causes a bypass in the pathway inducing the Cin state.
Importantly, the continuous overexpression of Cif1p was not required for the maintenance of the Cin state, because cells without calnexin could also lose the plasmid that overexpresses Cif1p (data not shown). This observation suggests that cif1 + is found upstream of the inheritance machinery of the Cin state. Finally, the Cin state obtained by overexpression of Cif1p is dominant over calnexin in haploid cells. After re-introduction of pcnx1 + , the plasmid was readily lost when not selected for in the plasmid segregation assay (Table 2, line 6).
We previously observed that the Cin state induced by the calnexin mutant Δhcd_Cnx1p (Cin Δhcd_cnx1 ) was dominant in diploid cells (Collin et al., 2004) , indicating that the Cin Δhcd_cnx1 state stably supersedes the essentiality of calnexin. To further examine the Cin state induced by cif1 + overexpression (Cin cif1 ), Cin cif1 cells were mated to cells that were dependent on calnexin for survival, the Cdn strain (Δcnx1 + pcnx1 + ). Following this, the ability of diploids to lose the calnexin plasmid was assessed by the plasmid segregation assay. Intriguingly, only five of nine diploids tested could stably live without calnexin (Table 3 , line 2). This result contrasts with those obtained from diploids formed with Cin Δhcd_cnx1 cells, in which all diploids analyzed retained this ability (Table 3 , line 1) (Collin et al., 2004) . The partial dominance of Cin cif1 in diploid cells In the previous characterization of the Cin Δhcd_cnx1 state, we showed that it was transmitted in a non-Mendelian fashion to the meiotic progeny (Collin et al., 2004) . To further our characterization, random spore analysis was performed on different diploids constructed by mating of Cin Δhcd_cnx1 and Cin cif1 (Δcnx1 Cin) with the calnexin-dependant Cdn cells containing a genomic disruption of cnx1 + and a calnexin-encoding plasmid (Δcnx1 pcnx1 + ). As previously observed (Collin et al., 2004) , 85% of the meiotic progeny of a Cin Δhcd_cnx1 ϫ Cdn diploid were in the state of calnexin independence. By contrast, no Cin cells were obtained in the analysis of more than 250 spores from a Cin cif1 ϫ Cdn diploid (not shown). These results suggest either that Cin cif1 spores do not form colonies because of a defect in germination, or that the Cin cif1 state cannot be propagated to the meiotic progeny. Currently, we cannot distinguish between these two possibilities. In any case, these observations indicate that the Cin cif1 and the Cin Δhcd_cnx1 states exhibit distinct propagation characteristics, and are therefore different.
Cin cif1 cells display phenotypic differences with Cin Δhcd_cnx1 cells
We have previously observed that, although the Cin Δhcd_cnx1 state allows viability, it does not complement all the functions mediated by calnexin: Cin Δhcd_cnx1 cells display cell-wall defects and in stationary phase they exhibit increased caspase activation (Turcotte et al., 2007) . Because the Cin Δhcd_cnx1 and Cin cif1 states showed different properties in their propagation, it was of interest to investigate whether they exhibit additional phenotypic distinctions. Calcofluor is a fluorescent dye that binds polysaccharides concentrating in the septum of dividing cells, and it inhibits the growth of mutants that are defective in cell-wall morphogenesis (Collin et al., 2004; Elagoz et al., 1999; Hampsey, 1997; Rose and Fink, 1987; Turcotte et al., 2007) . Interestingly, in microscopy analysis with Calcofluor, Cin Δhcd_cnx1 cells grown at 30°C showed fluorescence staining of the septa, whereas some Cin cif1 cells exhibited Calcofluor-labeling on the tip instead of the septum ( Fig.  2A) . When cultured at 37°C, both types of Cin cells were smaller, irregularly shaped and accumulated cell-wall material highly stained with Calcofluor white in the form of large vesicles ( Fig. 2A ). These observations demonstrate that, like Cin Δhcd_cnx1 , Cin cif1 cells exhibit temperature-dependent defects in the synthesis and/or assembly of cell-wall components. Re-introduction of a plasmid encoding calnexin (pcnx1 + ) rescued the defects observed at 30°C for the two types Cin of cells, but a clear difference was still observable at 37°C ( Fig. 2A) + cells were larger and sometimes had multiple septa. Thus, the adaptative changes in Cin cif1 cells that allow them to live in the absence of calnexin cause phenotypic characteristics that cannot be reverted when calnexin is restored.
To further characterize the Cin cif1 cells, the sensitivity to hygromycin B was examined by spotting the different strains on media containing this antibiotic. Hygromycin B lowers the viability of S. pombe cells with defects in the early stages of glycoprotein biosynthesis (Turcotte et al., 2007) . As previously described, Cin Δhcd_cnx1 cells showed sensitivity to hygromycin B, and this phenotype was rescued by reintroduction of cnx1 + on a plasmid ( Fig. 2B) (Turcotte et al., 2007) . Cin cif1 cells were more sensitive to hygromycin B than Cin Δhcd_cnx1 cells. Interestingly, reintroduction of a calnexin-encoding plasmid into Cin cif1 cells only partially rescued this cell-wall phenotype. SDS is a detergent that disturbs the membrane and exacerbates cell-wall defects (Turcotte et al., 2007) . At 30°C, the Cin cif1 cells were more sensitive to SDS than the Cin Δhcd_cnx1 strain (Fig. 2C) . Intriguingly, the differences between the two types of Cin cells were less pronounced at 37°C, possibly because the sum of both SDS and temperature stresses is too severe for both types of Cin cells to cope with. Here again, reintroduction of cnx1 + rescued the sensitivity to SDS of the Cin Δhcd_cnx1 strain, but the phenotype of the Cin cif1 cells was not completely reversed. Thus, these observations indicate that cell-wall formation is more affected in Cin cif1 cells than in Cin Δhcd_cnx1 or WT cells.
Caspase activation is a typical marker of induction of programmed cell death (PCD) (Kaufmann et al., 2008; Madeo et al., 2002) . In yeast, metacaspase activation can be readily assessed by fluorescence-activated sorting (FACS) of cells stained with the fluorescent probe FITC-VAD-fmk (Herker et al., 2004; Madeo et al., 2002; Roux et al., 2006) . As previously reported, Cin Δhcd_cnx1 cells display higher levels of metacaspase activation than WT cells in stationary phase, whether they contain a cnx1 + plasmid or not (Turcotte et al., 2007) . As shown in Fig. 2D , the Cin cif1 strain exhibited more elevated levels of metacaspase activation than Cin Δhcd_cnx1 cells in both the exponential and the stationary phase. In contrast to Cin Δhcd_cnx1 cells, reintroduction of calnexin into Cin cif1 cells reduced the FITC staining to levels that were comparable with those of Cin Δhcd_cnx1 + pcnx1 cells, thus suggesting that, in part, this metacaspase phenotype is related to the absence of calnexin in Cin cif1 cells. As the Cin cif1 state is less stable than the Cin Δhcd_cnx1 state, a possibility is that a certain percent of the population could revert to Cdn cells without calnexin, giving rise to non-viable cells rescued by reintroduction of calnexin. Taken together, the distinct cell-wall and metacaspase phenotypes further indicate that the Cin cif1 and Cin Δhcd_cnx1 states are different.
cif1
+ is not essential for vegetative growth of S. pombe
To determine whether Cif1p is an essential protein, several clones from a cif1 + ϫ cif1::kanMX4 diploid strain were sporulated and the meiotic progeny analyzed. The diploids were constructed with Δcnx1 + pcnx1 + cells were mated with Cin Δhcd_cnx1 or Cin cif1 cells, and submitted to a plasmid segregation assay. For each of these independent diploids, over 200 colonies were streaked to examine the absence of calnexin (Cin state).
two different ade6 alleles (ade6M210 and ade6M216); streaking on low adenine media showed that the spores segregate in a 2:2 ratio. The kanMX4 cassette confers resistance to the G418 antibiotic, which allows the scoring of cif1::kanMX4. Restreaking of the germinated spores on YE + G418 (150 μg/ml) showed a 2:2 segregation of ⌬cif1 and cif1 + (Fig. 3A) . All the spores from the five dissected asci grew at the same rate, showing that deletion of Journal of Cell Science 122 (9)
+ does not cause gross growth defects (Fig. 3A) . Deletion of cif1 + in G418-resistant haploids was confirmed by northern blotting (Fig. 3B) . Thus, these results show that cif1 + is not required for vegetative growth of S. pombe, because cif1::kanMX4 cells exhibited normal morphology and growth rates (Fig. 3A and not  shown) .
In order to examine whether the Cin Δhcd_cnx1 or the Cin cif1 states affect the levels of Cif1p, cell extracts from these strains were fractionated by SDS-PAGE and immunoblotted with polyclonal antibodies elicited against recombinant Cif1p. As shown in Fig.  3C , western blotting with anti-Cif1p showed a major band around 37 kDa in all the strains tested, except for the Δcif1 cells. The levels of Cif1p in WT and both Cin strains were similar, showing that the continuous overexpression of cif1 + is not necessary for the maintenance of either of the Cin states. To assess for the induction of the Cin Δhcd_cnx1 state in a cif1 disruption background, the Δcif1 Δcnx1 + pcnx1
Cif1p is not required for induction of the Cin
+ strain was transformed with plasmids expressing Δhcd_Cnx1p at normal levels. If cif1 + was required for the induction of the Cin Δhcd_cnx1 state, the Δcif1 Δcnx1 double knockout strain should not give rise to calnexin-less cells. As shown in Table 4 ), and spotted on MM plates with or without the indicated chemicals. Plates were incubated at 30°C for 7 days. Results are representative of three independent assays. (C) SDS sensitivity of Cin cells. A volume of 450 μl of a culture at exponential phase (OD 595 0.5) was added to 13 ml MM+0.7% agar, and poured on plates containing MM+2% agar. A circle of 3M paper of 5 mm diameter was placed in the center of each plate and 10 μl 10% SDS was added on the circle. Petri dishes were incubated for 7 days at 30°C or at 37°C. The ratio of halos was calculated with respect to WT at 30°C. Results are the average of three independent assays. (D) Metacaspase activity of Cin cells. Metacaspase activity was evaluated by the CaspACE FITC-VAD-fmk fluorescence assay on exponential-phase and 4-day stationary-phase cultures. Stained cells were counted by flow cytometry analysis. Samples of 10,000 cells were analyzed from at least three independent cultures for each strain. Results are the mean of these assays. In (C) and (D), the statistical significance of differences in the results was evaluated by a Student's t-test, pairwise calculated with the lanes indicated. **P<0.01, *P<0.05. Error bars: s.e.m. cif1 + induces calnexin independence Interestingly, the Cin cif1 state was induced in the Δcif1 background and it was stably maintained in the mitotic progeny even in the absence of the cif1 + -overexpression plasmid (not shown). Thus, once it is triggered by cif1 + overexpression, the Cin cif1 state can be maintained without the continuous presence of Cif1p in the cell. These observations demonstrate that the mechanism of maintenance of the Cin cif1 state is downstream and independent of cif1 + .
Next, we investigated whether cif1
+ plays a role in the transmission of the Cin Δhcd_cnx1 state to the meiotic progeny. Accordingly, we constructed a diploid by mating the Δcnx1 Δcif1 + pcnx1
+ strain with Cin Δhcd_cnx1 cells. This diploid was sporulated and the germinated spores were analyzed by restreaking on selective and non-selective medium, to check for the cif1::kanMX4 marker (G418) and for the presence or absence of cnx1 + -encoding plasmid (uracil marker). A total of 1387 spores from different diploids were examined, and 50.2% of the Cin cells were Δcif1 (Table 5 ). These results demonstrate that cif1 + is not required for the propagation of the Cin Δhcd_cnx1 state to the mitotic or the meiotic progeny. Furthermore, these observations suggest that cif1 + is upstream of, or in a parallel pathway to, Δhcd_Cnx1p in the mechanism of induction and maintenance of the Cin Δhcd_cnx1 state. Because it is not possible to isolate Cin cif1 spores (see above), we were not able to assess the importance of cif1 + in the propagation of the Cin cif1 state to the meiotic progeny.
Nucleolar localization of Cif1p is required for the induction of the Cin cif1 state
A nuclear localization signal (NLS) was predicted in the N-terminal part of the sequence (Fig. 1A,B ) (see http://cubic.bioc.columbia. edu/predictNLS/) (Cokol et al., 2000) . To examine its subcellular localization, a Cif1p-Venus fusion was constructed using a variant of the yellow fluorescent protein (Venus; see the Materials and Methods) and this construction was transformed into WT, Cin Δhcd_cnx1 and Cin cif1 cells. Fluorescence microscopy imaging of fixed cells revealed the presence of foci in the nuclei of the three types of cells. The foci colocalized with a fibrillarin-RFP (Fib1-RFP) fusion, which is a nucleolar marker (Henriquez et al., 1990) (Fig. 4A ), but not entirely with the fluorescent marker DAPI, which stains chromatin. The overlay clearly indicates that Cif1p is present in the nucleolus of the three different cell types. These observations demonstrate that the localization of Cif1p is not altered in either the Cin Δhcd_cnx1 or the Cin cif1 state. Moreover, microscopy examination of DAPI and Fib1-RFP fluorescence revealed that Cin Δhcd_cnx1 and Cin cif1 states do not affect the shape of the nucleus or the nucleolus. This was confirmed by using one additional marker for each compartment, Htt2p for the nucleus and Gar2p for the nucleolus (see supplementary material Fig. S2 ).
Next we investigated whether the nucleolar localization of Cif1p is important for the induction of the Cin cif1 state. Accordingly, we constructed a Cif1p variant in which the KRKR 27-30 residues at the beginning of the predicted NLS were substituted with four alanines (Fig. 1B) . A Venus fusion of this Cif1p-KRKR 27-30 /AAAA mutant displayed fluorescence in the cytosol (Fig. 4B) . This result demonstrates the importance of the KRKR 27-30 residues for proper localization of Cif1p. The background nuclear staining could be due to interactions with other nuclear proteins or to some residual functionality of the NLS. Remarkably, cells overexpressing the Cif1p KRKR 27-30 /AAAA mutant did not give rise to calnexinindependent cells (Table 2, line 7). Thus, the correct nuclear and/or nucleolar targeting of Cif1p is necessary for the induction of the Cin cif1 state. In addition, it is possible that these residues could be also important for interaction with partners necessary for Cin cif1 induction. Importantly, this result rules out the possibility that the RNA was probed with a 32 P-labeled DNA probe encompassing the entire cif1 + or cnx1 + coding sequence. Photograph of the ethidium-bromide (EtBr) staining shows the 18S and 25S rRNAs as loading control. Cells harboring calnexin on a plasmid have higher levels of cnx1 + RNA; however, these cells contain the same amount of Cnx1p, thus confirming that the levels of plasmid-encoded Cnx1p are equivalent to genomic expression. (C) Western blotting of Cin and Δcif1 cells. Cell extracts were made as described in the Materials and Methods, and 10 μg of material was loaded for fractionation on a 10% SDS-PAGE. Proteins were transferred to a nitrocellulose membrane; Western blotting was carried out using rabbit polyclonal anti-Cif1p serum at a 1:5000 dilution, and with anti-Cnx1p polyclonal antibodies at a 1:35,000 dilution. As a loading control, the same membrane was immunoblotted with and antitubulin monoclonal antibodies at a 1:5000 dilution. Cin cif1 state is induced by a nonspecific effect of overloading the cell with this protein, because the presence of Cif1p in the cytosol does not induce the state of calnexin independence. Moreover, these observations suggest that at least part of the pathway compensating for the loss of calnexin function in Cin cif1 cells involves nuclear and/or nucleolar components.
Discussion
Here, we identify a protein that can induce a stably inheritable state of calnexin independence in S. pombe. The protein was named Cif1p, and its encoding gene, SPCC364.01, was accordingly renamed cif1 + . The fact that we found this gene in several clones in two different genetic screens is indicative of its importance in the triggering of the calnexin-independence mechanism.
The Cin cells obtained by overexpression of cif1 + (Cin cif1 cells) exhibit different phenotypic features to Cin Δhcd_cnx1 cells, which were characterized previously (Collin et al., 2004; Turcotte et al., 2007) . Although both types of Cin cells are unaffected by the ERJournal of Cell Science 122 (9) stress agent DTT (not shown), Cin cif1 cells are more affected than are Cin Δhcd_cnx1 cells in the synthesis and/or assembly of the cell wall, and exhibit higher levels of metacaspase activity than Cin Δhcd_cnx1 cells. As with the Cin Δhcd_cnx1 state, the Cin cif1 state is dominant over plasmid-encoded calnexin in haploids. However, unlike the Cin Δhcd_cnx1 state, the Cin cif1 state is partially dominant in diploid cells (five out of nine diploids studied). Also, unlike Cin Δhcd_cnx1 cells, Cin cif1 ϫ Cdn diploids do not give rise to Cin cif1 sporulants. This suggests that, in Cin cif1 spores, the Cin cif state does not completely replace the function of calnexin, leading to a defect in the germination process. Alternatively, the Cin cif1 state might not be stably propagated to the meiotic progeny. Presently, we cannot distinguish between these two possibilities. Importantly, these observations indicate that at least two different epigenetic states of calnexin independence can arise in S. pombe, Cin Δhcd_cnx1 and Cin cif1 .
In our first characterization, we observed that the propagation of the Cin Δhcd_cnx1 epigenetic state is mediated via a non- ), and sporulated in low nitrogen media. Asci were digested overnight with lysing enzymes, and plated on low adenine media to distinguish between haploid (red or pink) and diploid (white) cells. Haploids were then restreaked on YE+G418 150 μg/ml to examine the presence of the cif1::kanMX4 marker, and on selective MM to examine the presence of the pcnx1 + plasmid. cif1 + induces calnexin independence chromosomal element exhibiting some prion-like features (Collin et al., 2004) . Thus, it could be postulated that the distinctions between the two Cin states might be caused by different prion strains. Strains were described for the [PSI + ] prion of S. cerevisiae that differed in their phenotypic strength and stability (Collinge and Clarke, 2007; King and Diaz-Avalos, 2004; Safar et al., 1998; Tanaka et al., 2004; Uptain et al., 2001) . As Cin Δhcd_cnx1 and Cin cif1 appear to exhibit different phenotypes and transmission properties, they could be a reflection of prion variants. The fungal prions best characterized present typical hallmark features. In vitro, purified prion proteins like Sup35, Rnq1 and Het-s aggregate into amyloidal fibers able to transmit their corresponding [ (King and Diaz-Avalos, 2004; Maddelein et al., 2002; Patel and Liebman, 2007; Tanaka et al., 2004) . In vivo, overexpression of the prion protein induces the prion conformer and the corresponding phenotype, which are dependent on the continued biosynthesis of the prion protein (reviewed by Benkemoun and Saupe, 2006; Tuite and Cox, 2006; Uptain and Lindquist, 2002; Wickner et al., 2007) . As overexpression of Cif1p leads to the Cin cif1 state, we examined whether this protein exhibits prion properties. In preliminary in vitro studies, we observed that Cif1p produces aggregates in the shape of fibers, as judged by atomic force microscopy (supplementary material Fig. S3 ). cif1 + is not required for the maintenance of either the Cin Δhcd_cnx1 or the Cin cif1 state. Therefore, it is unlikely that the maintenance of either Cin epigenetic state would depend on a mechanism based on the inheritance of Cif1p in a prion conformer. However, this does not exclude the possibility that Cif1p could be a prion protein, nor does it rule out the existence of a prion-based propagation mechanism downstream of Cif1p.
As the Cin cif1 state can be maintained in the Δcif1 context, Cif1p is probably a component of a pathway of induction rather than being part of the propagation machinery of calnexin independence per se. That the Cin Δhcd_cnx1 epigenetic state can be triggered in the Δcif1 background suggests that Cif1p acts either upstream of Δhcd_Cnx1p or in a parallel induction pathway. Clarification of this point requires further identification of genes involved in the induction and maintenance of these Cin states, as well as the charting of the interactions between these cellular components. However, the fact that the Cin Δhcd_cnx1 and Cin cif1 states exhibit distinct phenotypic and genetic characteristics is at this point more supportive of the notion that Cif1p and Δhcd_Cnx1p act in parallel pathways.
We discovered the Cin state because it replaces the essential function of calnexin in the Δcnx1 background and this is monitored as the loss of the cnx1 + plasmid in non-selective media. Certainly, the gene encoding calnexin is not readily lost in a natural setting. In nature, the Cin epigenetic states are probably adaptive mechanisms that provide the cell with additional fitness to withstand stresses normally handled by pathways involving calnexin. In fact, it appears that both Cin states have a functional ER despite the absence of calnexin. Namely, Cin cells do not display sensitivity to the ER stressor DTT, and they do not show increased levels of the typical marker of unfolded protein response BiP (Fig. 3C) . To obtain clues about the essential function of calnexin and the cellular roles of the Cin states, we are currently screening metabolic and environmental conditions that could lead to the induction of calnexin independence.
The elucidation of the biological activity of Cif1p might provide indication as to the cellular role of the Cin state, but the function(s) of Cif1p is unknown as yet. Similarity searches revealed an ortholog in the recently annotated genome of S. japonicus, but no other significant sequence homologies were found in other organisms. Its basic character (predicted pI 9.6) and the nucleolar localization of Cif1p suggest that it could be a nucleic-acid-binding protein with a potential role in ribosome biogenesis. The lack of straight sequence homologies in the databases does not rule out the possibility of functional homologs in other organisms such as mammals. Several nucleic-acid-binding proteins exhibit threedimensional structural and functional conservation without obvious sequence similarities (Fribourg and Conti, 2003; Ma et al., 2005; Meka et al., 2003; Nichols et al., 1999) . The identification of Cif1p functional homologs should lead to the discovery of Cin-like mechanisms in other organisms.
Interestingly, replacement of the KRKR 27-30 residues at the beginning of the predicted NLS by four alanines disrupted the nucleolar localization of Cif1p by affecting its entry in the nucleus ( Fig. 4B; supplementary material Fig. S4 ). Importantly, this mutation obliterates the ability of Cif1p to induce the Cin cif1 state by overexpression. This result indicates that the nuclear and/or nucleolar localization of Cif1p is required for induction of the Cin cif1 state. However, we cannot exclude the possibility that mutation of the KRKR 27-30 residues could, in addition, directly affect the interaction of Cif1p with some partner in the pathway of induction of the Cin cif1 state.
We have previously demonstrated that the essential function of calnexin is contained in its C-terminal domain, a stable portion of calnexin devoid of chaperone activity (Elagoz et al., 1999; Marechal et al., 2004) . Recently, we reported that the cytosolic tail of calnexin is involved in mediating an ER-stress-induced apoptotic signal (Guerin et al., 2008) . Further characterization of this apoptotic pathway and investigation of the cellular function of Cif1p will reveal whether an apoptotic mechanism and the Cin epigenetic state are functionally linked. As the membrane of the ER abuts that of the nucleus, it is possible that Cif1p and the cytosolic tail of calnexin interact biochemically. This possibility was addressed by immunoprecipitation; however, no interaction between Cif1p and calnexin was observed under the conditions tested (supplementary material Fig. S5) .
Overexpression of the nucleolar protein Cif1p induces viability in the absence of calnexin. Thus, part of the Cin cif1 -state induction pathway takes place in the nucleolus. Further characterization of the function(s) of Cif1p and the identification of its interacting factors will allow us to elucidate the pathway in which this nucleolar protein acts, and will also shed light on how the Cin state replaces the essential function of calnexin. Interestingly, the experiments presented here show a connection between an as-yetuncharacterized nucleolar activity and the replacement of an essential ER chaperone. This supports the notion that the cellular functions of calnexin are not completely understood. Exploring the functions of calnexin might shed light on the interaction of the ER with other organelles such as the nucleolus.
Ribosome biogenesis is tightly coordinated with cell growth, and so are the functions of the ER, which include membrane synthesis (both lipids and proteins) and protein secretion (Lowe and Barr, 2007; Warner, 1999) . Our work suggests a communication between the ER and the nucleolus, hinting that these compartments work together for the proper maintenance of the cell. Investigation of the functions of Cif1p should provide clues about the molecular details of a crosstalk between the ER and the nucleolus during their adjustment of cell growth.
Materials and Methods
S. pombe genetics, strains and media
S. pombe strains used in this study are listed in Table 1 . Yeast cells were cultured in Edinburgh minimal medium (MM) supplemented with required nutrients as previously described (Moreno et al., 1991) and with 2% glucose, at 30°C (unless indicated otherwise). S. pombe transformations were performed using the poly(ethylene glycol) (PEG)-lithium acetate procedure (Elbe, 1992) . A heterozygous diploid strain knockout for SPCC364.01/cif1 + (cif1::kanMX4) was purchased from Bioneer (Daejeon, Korea). Tetrads were dissected on MM supplemented with adenine (A), uracil (U), leucine (L) and histidine (H) (MM+AULH) with a Nikon Eclipse E400 micromanipulator. S. pombe matings and random spore analyses were carried out as previously described (Collin et al., 2004) .
Genetic screens
Insertion mutagenesis of S. pombe was performed as described in (Chua et al., 2000) . Briefly, a ura4 + cassette was amplified by PCR with a pair of degenerated oligonucleotides: ura4 for 5Ј-NNNNNNNNNNNNNNNNNNAGCTTAGCTACAA -ATCCCACTGGC-3Ј and ura4 rev for NNNNNNNNNNNNNNNNNNTGTGATAT -TGACGAAACTTTTTGACAT-3Ј. Subsequently, cells were cultured on selective medium (MM+A) to select for transformants, following which the cells were cultured in non-selective medium (MM+AU) to eliminate unstable insertions. Finally, the transformed cells were cultured in plasmid loss medium (MM+AL) to allow for the loss of the pcnx1 + plasmid (see supplementary material Fig. S1 ). Approximately 4ϫ10 4 cells were screened for the induction of the Cin state by plating on plasmid loss solid medium (MM+AL) and replica-plating colonies on selective media. Colonies growing on the first medium but not the second (i.e. without the plasmid encoding calnexin) were conserved for further analysis. The absence of Cnx1p was confirmed by western blotting. The locus of insertion of the ura4 + cassette was determined by inverse PCR (Chua et al., 2000) . For the overexpression screen, a cDNA S. pombe bank on the pREP3X overexpression vector (a kind gift from Chris Norbury, University of Oxford, Oxford, UK) was transformed. The screening protocol to isolate Cin cells was as the insertion strain. Plasmids were extracted from S. pombe Cin candidate clones and transformed into E. coli, as previously described (Alfa et al., 1993) . Following which, the cDNA of the candidate clones were identified by automated DNA sequencing. In addition to cif1 + , we isolated several candidate genes involved in different cellular pathways. These included the ER translocon subunit Sec61β and the glycolytic enzymes pyruvate kinase and phosphoglycerate kinase. These candidate genes are currently under investigation.
DNA constructs
The coding sequence of cif1 + was obtained by PCR amplification from genomic DNA of WT S. pombe Sp556. The primers used contained XhoI restriction sites (underlined), and are: forward pc364forA (5Ј-GATCTCGAATGAGTGAAG AA -ATTATAACA-3Ј) and reverse pc364revA (5Ј-GATCTCGAGTCAAATATCATC -TTTTTTGGC-3Ј). The ORF of cif1 + was cloned into the XhoI site of pREP3X or pREP41X vectors. The correct orientation and sequence was verified by digestion with XmnI/BamHI, PCR amplification and sequencing. A plasmid expressing a fusion of Cif1p with the yellow fluorescent protein (YFP) was constructed with the Venus YFP variant (kindly provided by Atsushi Miyawaki, RIKEN, Japan) (see Nagai et al., 2002) . Venus was fused to the C-terminal of Cif1p in pREP42 plasmid, in a sequential cloning. First, cif1 + was cloned NdeI-SmaI (restriction sites are underline) using primers: forward Nde1-364-for (5Ј-AAACATATGAGTGAAGAAATTATA-3Ј) and reverse pc364rec, containing a site for SmaI (underline) and a KpnI (bold) (5Ј-GACCCCGGGCTCGAGTTACATGGCATTCAAGTCCTCTTCAGAAATGA -GCTTTTGCTCGGTACCAATATCATCTTT-3Ј). Venus was amplified with the pair of primers GFPCtermlongfor containing a KpnI site (bold) (5Ј-AAAGGTACC -ATGGTGAGCAAGGGCGAGGAGCTG-3Ј) and BamHIvenus_stop containing a BamHI site (underline) (5Ј-AAAGGATCCTTACTTGTACAGCTCGTC-3Ј). The amplified fragment was digested with KpnI and BamHI, and inserted into the pREP42 plasmid containing cif1 + also digested with these two enzymes. For Cif1p, the KRKR 27-30 /AAAA mutant, the codons for amino acids 27-30 (KRKR) were changed with four alanine residues using overlap PCR. First, two fragments of cif1 + containing the quadruple mutation were constructed using for the 5Ј part, NdeI-364-for and 364-KRKR/AAAA-rev (5Ј-CTTTTCAGCTCGCACCTCTGAAGCAGCAGCAGCCGG -CTGCTTTTCTCCCACTGATGTTTC-3Ј), and for the 3Ј part, 364-KRKR/AAAAfor (5Ј-GGGAGAAAAGCAGCCGGCTGCTGC TGCTTCAGAGGTGCGAG-3Ј) and stop-364-BamHI, containing a BamHI site (underlined) (5Ј-AAAGGATCC -TCAAATATCTTTTTT-3Ј). To obtain the complete mutant, overlap PCR amplification was performed using the two fragments and the NdeI-364-for and stop-364-BamHI primers. To create a fusion of Cif1p-KRKR/AAAA with Venus, the 3Ј primer used contained a KpnI site instead of BamHI, and mutants were cloned in frame with Venus in the pREP42 plasmid. Fibrillarin fused with the monomeric red fluorescent protein (mRFP; Roger Y. Tsien, University of California, San Diego, CA) was constructed in two steps. First, mRFP was amplified using a pair of oligonucleotides: mRFP1-forw2 containing a XhoI restriction site (underlined) and a PmeI restriction site (bold) (5Ј-CCGCTCGAGGTTTAAACGCCTCCTCCGA-3Ј), and mRFP1-reverse, containing a BamHI site (underlined) (5Ј-CGGGATCCTTAGGCGCCGGTG -GAGTG-3Ј). Subsequently, the PCR product was digested with XhoI and BamHI and cloned in pREP41X. Fibrillarin was amplified from genomic DNA with Fib1-XhoI-forward (XhoI site underlined) (5Ј-AGACTCGAGATGGCATATACACCA -GGT TCA-3Ј) and Fib1-PmeI-no-stop-reverse (PmeI site in bold characters) (5Ј-AGAGTTTAAACCCTGATGTCTCAAGTATTTTCCTAC-3Ј). Following which, the PCR product was digested with XhoI and PmeI, and inserted into pREP41X-mRFP previously digested with the same enzymes.
Plasmid segregation experiments
S. pombe strains bearing one or two plasmids were cultured for 7 days at 30°C in 5 ml liquid MM with adenine and appropriate supplements to make a non-selective medium (uracil and/or leucine) (see supplementary material Fig. S1 ).
Phenotypic assays
The stress-resistance assay, sodium dodecyl sulfate (SDS)-sensitivity assays, and in vivo staining for metacaspase activity were performed as described in (Turcotte et al., 2007) .
Northern blotting
Northern blotting was carried out as described previously (Jannatipour and Rokeach, 1995) . Both the cif1 and the cnx1 probes encompass the full-length gene. The cif1 probe was isolated by XhoI digestion of the pREP3X/cif1 plasmid, and the cnx1 probe was isolated by a BamHI/NdeI digestion of the pREP42/cnx1 + plasmid.
Immunoblotting
Cell extracts were prepared from exponentially growing cells by bead-beating in lysis buffer (50 mM Tris-HCl pH 7.5, 200 mM NaCl, 10 mM MgCl 2 , 1 mM EDTA, 1 mM DTT, 5% glycerol, 0.1% Triton X-100). Rabbit polyclonal antibody against Cif1p was used at a 1:5000 dilution. Anti-Cnx1p rabbit serum (Jannatipour and Rokeach, 1995) was used at a 1:35,000 dilution. Anti-BiP rabbit serum (Marechal et al., 2004 ) was used at a 1:20,000 dilution. For loading controls, mouse monoclonal antibody against α-tubulin (Sigma T-5168) was used a 1:5000 dilution. To raise polyclonal antibodies against Cif1p, the protein was expressed in bacteria with a hexahistidine tag and purified in denaturant conditions. This recombinant protein was used to immunize rabbits for producing polyclonal antibodies, and the serum was further purified with acetone powder of Δcif1 cells (Harlow and Lane, 1988) .
Microscopy imaging
Calcofluor-white staining was done as previously described in (Elagoz et al., 1999) . Cif1p-Venus fusion imaging was performed as described (Guerin et al., 2008) . Microscopy analysis was performed with a fluorescence inverted microscope (Nikon TE2000U). Images were acquired using a motion-picture camera, CCD coolSnapFX M 12 bit (Roper Scientific, Tucson, AZ), and treated with UIC Metamorph software.
